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Abstract
A mechanism for photosynthetic water oxidation is proposed based on a structural model of the oxygen-evolving complex
(OEC) and its placement into the modeled structure of the D1/D2 core of photosystem II. The structural model of the OEC
satisfies many of the geometrical constraints imposed by spectroscopic and biophysical results. The model includes the
tetranuclear manganese cluster, calcium, chloride, tyrosine Z, H190, D170, H332 and H337 of the D1 polypeptide and is
patterned after the reversible O2-binding diferric site in oxyhemerythrin. The mechanism for water oxidation readily follows
from the structural model. Concerted proton-coupled electron transfer in the S2CS3 and S3CS4 transitions forms a
terminal Mn(V)NO moiety. Nucleophilic attack on this electron-deficient Mn(V)NO by a calcium-bound water molecule
results in a Mn(III)^OOH species, similar to the ferric hydroperoxide in oxyhemerythrin. Dioxygen is released in a manner
analogous to that in oxyhemerythrin, concomitant with reduction of manganese and protonation of a W-oxo bridge. ß 2001
Published by Elsevier Science B.V.
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1. Introduction
The mechanism of water oxidation by photosys-
tem II (PSII) is yet to be fully understood despite
the contributions of many researchers. Lately, a
number of proposals have been put forth which con-
sider data obtained from studies of inhibited states of
the water oxidation cycle, theoretical investigations
of the energetics involved, and bioinorganic model-
ing of the oxygen-evolving complex (OEC) [1^7]. In a
recent paper, we proposed a model for the O^O
bond-forming step of photosynthetic dioxygen evo-
lution that involved the formation of a reactive elec-
tron-de¢cient manganese(V)-oxo species [3]. Our ra-
tionale for that mechanism was based in part upon
an analysis of high-valent metal^oxo reactivity in in-
organic model systems and the requirement for cal-
cium, chloride, and key amino acids for optimal ac-
tivity by PSII. In this review, we build upon these
ideas by more stringently exploring the possible func-
tions of the protein components in facilitating the
formation of a terminal Mn(V)NO moiety and de-
velop our ideas on the structure of the OEC in light
of the available biophysical data.
PSII is the multi-subunit transmembrane complex
located in the appressed regions of the chloroplast
thylakoid membrane that couples the four-electron
oxidation of water to the reduction of two molecules
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of plastoquinone. Because of the size and complexity
of PSII, it has proven di⁄cult to obtain a high-res-
olution crystal structure of the protein. However, an
8 Aî structure of the D1/D2/CP47 complex obtained
by electron crystallography [8,9] and theoretical
models [10,11] based on sequence homology to the
bacterial reaction center are available. The former
method allows the helices of the protein subunits to
be arranged in space while the molecular modeling
results give the likely spatial arrangements of the
individual amino acids.
The photochemistry of PSII is initiated by photo-
induced charge separation from the reaction center
chlorophylls (P680) to a pheophytin and subse-
quently to the membrane-bound quinone QA. To
stabilize the charge-separated state, P680 is re-
duced by a redox-active tyrosine residue, Y161 of
the D1 polypeptide (denoted YZ). The neutral radical
YZ in turn oxidizes the tetranuclear manganese clus-
ter (Mn4) through a cycle of ¢ve ‘Sn-states’ (for stor-
age of oxidizing equivalents, n = 0^4) [12]. Fig. 1 de-
picts our proposed S-state cycle, which will be
elaborated upon in this review. Protons are released
into the thylakoid lumen during S-state advancement
and O2 is released spontaneously during the S3 to S0
conversion.
The OEC is the site of water oxidation and con-
sists of the Mn4 cluster, YZ, and Ca2 and Cl3 co-
factors [13^16]. The exact arrangement of the Mn
ions in the Mn4 cluster is unknown, but electron
paramagnetic resonance (EPR) [17^19] and X-ray
absorption spectroscopy (XAS) [16,20^24] data sug-
gest that it is a tetramer of W-oxo-bridged units with
Mn^Mn separations of 2.7 Aî and 3.3 Aî . There is
general agreement that the Mn4 cluster is oxidized
in the S-state cycle. Based on the X-ray absorption
near-edge structure (XANES) and EPR spectra of
the S0-, S1-, and S2-states, the oxidation states of
Mn in the S2-state are thought to be Mn(III)Mn(IV)3
[1,16,22], although Mn(III)3Mn(IV) cannot be ruled
out [25,26].
Ca2 and Cl3 are required for water oxidation and
advancement beyond the S2-state [27^31]. Extended
X-ray absorption ¢ne structure (EXAFS) data sug-
gest that Ca2 binds close to the Mn4 cluster [21,32^
34]. It can be replaced by cations of similar size but
only Sr2 partially restores activity [30,35]. Depletion
of either Ca2 or Cl3, or treatment with acetate,
inhibits the S-state cycle at an intermediate step
where YZ is oxidized with the Mn4 cluster in the
S2-state [1,27,29,31,36^41]. The resulting state,
S2YZ, has a characteristic EPR spectrum that di¡ers
only slightly between calcium-depleted and acetate-
treated samples. The S2YZ spectrum has been used to
estimate the point-dipole distance between YZ and
the Mn4 cluster as 7^10 Aî [42^45], which is close
enough for YZ to be hydrogen-bonded to a Mn-
bound water molecule [3,46]. Acetate binds in com-
petition with Cl3 [37], and the proximity of acetate
to YZ as measured by electron-nuclear double reso-
nance (ENDOR) [47] places Cl3 near both YZ and
the Mn4 cluster.
Based on both computational [48] and experimen-
tal [49] estimates of the O^H bond strengths of water
and hydroxide bound to high-valent Mn, and the
close proximity of YZ to the Mn4 cluster, several
mechanisms for water oxidation propose that YZ ab-
stracts H-atoms from Mn-bound water to form a
MnNO moiety [1^5,50]. Removal of Ca2 or Cl3
may disrupt the hydrogen-bonding network required
for this process, thus inhibiting S-state advancement.
Furthermore, a number of amino acids are also re-
quired for optimal activity, including H190 [51^54],
H332 [55,56], H337 [55], E189 [51], and D170 [51,57]
of the D1 polypeptide (Synechocystis numbering).
These are thought to be either ligands to Mn or serve
as part of the hydrogen-bonding network.
In this minireview, we focus ¢rst on the involve-
ment of proton-coupled electron transfer (PCET)
during S-state advancement and the e¡ects of pH,
H/D substitution, and the protein environment sur-
rounding the OEC. Next, we propose a structure for
the manganese complex and its local environment
based on modeling studies and analogy to other pro-
tein systems. We show that our model would pro-
mote O^O bond formation through reaction of an
electrophilic Mn(V)NO moiety with a water bound
to Ca2. This mechanism is considered in light of the
available biophysical data on the OEC and in anal-
ogy with the release of O2 from the diferric center in
oxyhemerythrin.
2. PCET and S-state advancement
S-state advancement and YZ oxidation/reduction
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depend on the temperature and the pH of the me-
dium, and the kinetics of these processes exhibit deu-
terium isotope e¡ects. YZ is protonated [58] but, in
both Mn-depleted and oxygen-evolving PSII, oxi-
dized YZ is a neutral radical (YZ) [59] and so must
be deprotonated upon oxidation. Consequently,
there must be a proton acceptor from YZ during its
oxidation and also a proton donor to YZ during its
re-reduction. In untreated PSII, the oxidation and
reduction of YZ proceed rapidly. However, in Mn-
depleted PSII, these processes are slowed. These ob-
servations led to the ideas that, in the presence of the
Mn4 cluster: (1) the OEC has a well-ordered hydro-
gen-bonding network that facilitates proton transfer
Fig. 1. Proposed S-state cycle. The di-manganese unit which does not undergo redox changes during S-state advancement [MnIV2 OX] is
omitted beyond S0 for clarity. Solid arrows indicate light-driven steps and dashed arrows denote spontaneous steps. Steps that involve
H-atom abstraction by YZ are emphasized by including the reduction of YZO
 in the ¢gure. The role of a protein residue acting as a
base, B, and Ca^OH2 in the O^O bond-forming step is shown in the S4^S4P step, but the proposed structure of Ca^OH2 and Cl
would be present in all of the earlier S-states as well.
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between YZ and its proton acceptor and donor and
(2) that S-state advancement is proton-coupled. The
latter idea was key in the formulation of the H-atom
abstraction model for water oxidation [1^5,50]. In
this section, we consider the involvement of PCET
during the S-state cycle. We focus in particular on
the e¡ects of changing the pH, H/D substitution,
temperature dependencies and the e¡ects of the pro-
tein environment on both the oxidation and the re-
duction of YZ.
In manganese-depleted PSII, the rates for both the
oxidation and reduction of YZ are pH-dependent
[60^62]. It has been observed that the rate of oxida-
tion of YZ increases at higher pH, becoming ex-
tremely rapid near pH 9 with measured pKa values
of V8 or 10 and V5^7 [53,54]. The high pKa has
been assigned as that of YZ while the lower value is
assigned to its proton acceptor, which is most likely
D1-H190. The somewhat low pKa of 8 for tyrosine
(compared to a value of 10 for tyrosine in solution) is
explained by the participation of YZ in two hydrogen
bonds, one with the proton acceptor (H190) and an-
other with a protonated acidic group, such as a car-
boxylic acid [54]. On the other hand, the value of 10
was measured in a mutant strain lacking H190 and
so re£ects the pKa of YZ lacking one of its putative
H-bonding partners [53]. Therefore, at a pHs 9, YZ
is already largely deprotonated and so its oxidation
is no longer proton-limited and proceeds rapidly. In
an intermediate pH regime, the oxidation of YZ is
proton-coupled. At a pH below the pKa of the ac-
cepting base, both YZ and the base are protonated
and YZ oxidation is retarded.
The involvement of a base with a pKa of V6
forming a hydrogen-bonded pair with YZ is sup-
ported by the observation that the reduction of YZ
is also modulated by a protonatable group with a
pKa of 6 [62]. In oxygen-evolving PSII, the rate of
O2 evolution exhibits a maximum at pH 6.5 and
decreases signi¢cantly below pH 5 and above pH 8
[60]. Just as in Mn-depleted PSII, it was concluded
that a base with a pKa V6 accepts a proton from
YZ, and at low pH the protonation of this group
retards YZ oxidation. The identi¢cation of this base
as D1-H190 is strongly supported by site-directed
mutagenesis studies [52,53]. It was found that in
D1-H190 mutants, YZ oxidation only occurs at
high pH values, when YZ is already deprotonated
[53,54]. Furthermore, the rates of P680 reduction,
YZ oxidation and YZ reduction in the mutants were
all signi¢cantly enhanced by the addition of small
organic bases, such as imidazole [52]. The involve-
ment of a histidine residue as the proton acceptor
from YZ is also mirrored in the D2 subunit, where
YD oxidation by P680 proceeds by deprotonation
of the phenol group to its acceptor base, which has
been identi¢ed as D2-H189 [63]. Together, the pH
e¡ects on the oxidation/reduction of YZ in wild-
type and D1-H190 mutant PSII suggest that H190
and YZ form a H-bonded pair in which H190 is the
proton acceptor for YZ.
As one would expect, YZ oxidation and S-state
advancement exhibit kinetic deuterium isotope ef-
fects. The rate of oxidation of YZ (measured as the
reduction of P680) has a large kinetic deuterium
isotope e¡ect of kH/kD = 2.9^3.4 at pL 6.5 in Mn-
depleted core complexes but is almost H/D insensi-
tive in oxygen-evolving centers [60,64^66]. This sug-
gests that, in Mn-containing PSII: (1) there exists a
strong H-bond between YZ and its proton acceptor,
D1-H190, which requires minimal proton movement
for YZ oxidation, and (2) the presence of the Mn4
cluster helps to arrange the hydrogen-bonding net-
work in the OEC to facilitate deprotonation of YZ.
This idea is supported by the observation that, in
Mn-depleted centers, YZ has a disordered distribu-
tion of H-bonds (in contrast to YD) due to disrup-
tion of the hydrogen-bonding network [67]. Further-
more, it has been shown by FTIR that YZ is
structurally coupled to the Mn4 cluster [68].
The kinetics of the oxidation of YZ consist of a
fast nanosecond component and a slower microsec-
ond component, while the reduction proceeds on a
microsecond time-scale. There is good agreement
among the reported values of kH/kD for the S-state
transitions (reduction of YZ) in both oxygen-evolving
thylakoids and PSII core complexes [64,65,69]. The
values re£ect the changes in the microsecond compo-
nent of £ash-induced absorbance changes at 355 nm.
Careful analysis of the nanosecond component of YZ
oxidation and the kinetics of YZ reduction reveals
that the nanosecond component is H/D insensitive,
while the microsecond component of the reduction
re£ects proton motion [70]. These components have
been modeled as re£ecting the kinetics of the initial
charge separation followed by a slower relaxation of
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the product state [65]. The kinetic deuterium isotope
e¡ects on the microsecond phase are approximately
1.4 (S1CS2), 2.3 (S2CS3), 1.5 (S3CS0) and 1.4
(S0CS1).
The fate of the proton released by YZ is not clear.
It has been proposed that the proton released from
YZ during its oxidation resides on its acceptor base
(D1-H190) during the lifetime of YZ [62,64,71,72].
This has led to the proposal that chlorophyll absor-
bance band shifts [73] that persist during the lifetime
of YZ arise from the formation of a positive charge
on the acceptor base due to its protonation
[62,71,72]. In addition, it has been suggested that
the phenolic proton returns to YZ each time it is
reduced, in contrast to the H-atom abstraction model
[71]. However, the accumulation of a positive charge
on the base, D1-H190, could be avoided by depro-
tonation of the distal N-nitrogen [53]. This is sup-
ported by the observation that proton release into
the lumen is kinetically correlated with YZ oxidation
[74,75]. The chlorophyll band shifts have also been
described as originating via another mechanism, such
as through changes in the H-bond strength to the 9-
keto group of P680 [50]. Furthermore, if the phenolic
proton returned to YZ with each reduction, then Y

Z
reduction upon S2CS3 may not be expected to ex-
hibit a pronounced kinetic deuterium isotope e¡ect
(kH/kD = 2.3), but rather one of a magnitude similar
to that for the low S-state transitions (kH/kD = 1.4)
[69]. Also, in calcium- and chloride-depleted and ace-
tate-treated samples, reduction of YZ does not occur
from the S2YZ-state, but does in the prior S-states.
The return of the phenolic proton to YZ upon its
reduction in all S-states is not consistent with these
observations.
Additional evidence for the involvement of PCET
in the water oxidation cycle arises from the temper-
ature-dependence of the S-state transitions. In un-
treated PSII, the S1CS2 transition can proceed at
temperatures as low as 140 K [76], which suggests
that minimal structural rearrangements occur. In
contrast, the S0CS1 and S2CS3 transitions advance
only at temperatures greater than 220 K [77,78] and
have signi¢cantly greater activation energies (59.4 kJ/
mol for S0CS1 and 26.8 kJ/mol for S2CS3 versus
9.6 kJ/mol for S1CS2) [79]. The S2CS3 transition is
also inhibited in samples that are depleted of Ca2 or
Cl3, resulting in the S2YZ-state [1,27,29,31,37^41].
It has been suggested that removal of these ions
or treatment with acetate disrupts the hydrogen-
bonding network in the OEC, thus retarding S-state
transitions by obstructing PCET (Eqs. 1a and 1b)
[40].
S2OH2  OÿYZ ! S3OH HOÿYZ 1a
S2acetate  OÿYZ ! No reaction 1b
The observations described above can be explained
by the PCET model shown in Fig. 2, which depicts
two routes for YZ reduction. As has been clearly
demonstrated, YZ oxidation proceeds by deprotona-
tion of the phenolic proton to D1-H190, with little
deuterium kinetic isotope e¡ect. In our model, we
suggest that the distal nitrogen of H190 deprotonates
after accepting the phenolic proton. There are now
two routes for YZ protonation upon its reduction. In
one case, reduction by the Mn4 cluster can occur
with simultaneous acceptance of the proton back
from H190. This is a consecutive PCET, meaning
proton transfer follows electron transfer, and so the
electron transfer and proton transfer events are de-
noted as being separate (ET/PT) [80]. On the other
hand, YZ may accept both the electron and the pro-
ton together from the Mn4 cluster (H-atom abstrac-
tion), which is a concerted PCET process (denoted
ETPT). We propose that the consecutive PCET path
is utilized in the low S-states, i.e. those that lose a
proton not involved in YZ reduction (S0CS1), are
accessible at low temperature (S1CS2) and in sam-
ples depleted of Ca2 or Cl3. However, oxidation of
the Mn4 cluster by YZ beyond S2 cannot occur in the
latter samples. This led to our proposal that there is
insu⁄cient driving force for the reduction of YZ in
these samples in the absence of concerted PCET (H-
atom abstraction) [40]. Thus, S-state advancement
beyond S2 requires the concerted ETPT pathway.
At low temperatures or in samples where the re-
quired hydrogen-bonding network is disrupted, this
cannot occur. A possible molecular basis for the
switch between consecutive and concerted PCET
will be discussed later, along with our proposed
water oxidation mechanism. This model was inspired
by and is further supported by estimates of the O^H
bond strength of water bound to high-valent Mn as
78^89 kcal/mol, a decrease of about 30 kcal/mol
from free water (118.4 kcal/mol) [49]. This range of
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values is comparable to that for the tyrosine phenolic
O^H bond (81.5 kcal/mol) [81]. It has been proposed
that the reactivity of metal^oxo complexes in reac-
tions involving H-atom abstractions is determined by
the energies of the O^H bonds [82,83]. This makes
H-atom abstraction from water bound to high-valent
Mn by YZ a feasible and, possibly, a thermodynami-
cally favorable process in the higher S-states.
These paths for PCET are illustrated in our pro-
posed S-state cycle (Fig. 1). During the transitions
S0CS1 and S1CS2, YZ is reduced via the consecu-
tive ET/PT pathway. However, advancement beyond
S2 requires the abstraction of both an electron and a
proton (an H-atom) from the Mn4 cluster and fol-
lows the concerted ETPT path. Ultimately, this leads
to the formation of a terminal Mn(V)NO species,
the structure and reactivity of which we will discuss
in the following sections.
Fig. 2. Two possible pathways for the reduction of YZ. The circled proton represents the one originating from the phenol group of
YZ, the boxed proton from Mn-bound substrate water, and the octagoned proton from the N-N of D1-H190.
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3. Biophysical studies of the OEC
As stated, the components of the OEC include the
Mn4 cluster, YZ, Ca2, Cl3, and a number of amino
acids. In this section, we focus on spectroscopic and
biochemical studies of the OEC.
Despite numerous spectroscopic investigations, the
exact structure of the Mn4 cluster remains unknown.
A number of structural models of the Mn4 cluster
exist [84,85], although most reproduce only certain
aspects of the spectroscopic signatures of the OEC.
XAS and EPR have been the most widely used spec-
troscopic techniques to study the structure of the
complex [16,18,22], although UV-visible spectrosco-
py [86^90] and, more recently, vibrational spectros-
copy [91,92] have been employed as well.
The Mn K-edge XANES [16,93^95] and the KL
X-ray £uorescence [96] spectra for the OEC are con-
sistent with oxidation states of either Mn(III)2-
Mn(IV)2 or Mn(III)4 for the S1-state, although the
former assignment is most widely accepted. This as-
signment is supported by the fact that the OEC can
be chemically reduced to an ‘S33’-state while remain-
ing intact [97]. Reduction of the OEC by hydroxyl-
amine causes Mn(II) to be released [98] and, there-
fore, it appears that an all Mn(II) oxidation state
cluster would not be stable; this result argues for
at least one Mn(III) in the ‘S33’-state and, conse-
quently, a Mn(III)2Mn(IV)2 oxidation level for the
S1-state. The EXAFS spectrum of S1 indicates scat-
terers at 2.7, 3.3, and 4.2 Aî [16,20,21,24,32,33,95].
There are 2^3 backscatterers at 2.7 Aî , diagnostic of
di-W-oxo-bridged Mn units. However, there is not a
consensus on the assignments of the 3.3 and 4.2 Aî
vectors. The 3.3 Aî distance has been attributed to
both Mn^Mn and Mn^Ca scattering, but the Mn^
Ca assignment has been quite controversial [21,32^
34]. A 3.3 Aî distance is consistent with a mono-W-
oxo bridge between two Mn ions. However, the
groups of Klein and Sauer have found the 3.3 Aî
distance to be sensitive to the replacement of Ca2
and so assign this vector to Mn^Ca scattering
[33,34]. On the other hand, Penner-Hahn and co-
workers attributed the 4.2 Aî distance to Mn^Ca scat-
tering and proposed a structure similar to the heter-
odinuclear site in concanavalin A [21]. In this
polysaccharide-binding protein, a Mn(II) ion is
linked by two carboxylato groups to a Ca2 ion,
with a separation of 4.3 Aî [99]. A Mn^Ca distance
of 3.3 Aî is very short. Such short Mn^Ca distances
are only observed in oxo-bridged calcium oxide clus-
ters [100,101]. Moreover, such a structure would not
be stable at near-neutral pH. However, the 4.2 Aî
distance is compatible with a carboxylato or long
single-atom bridge (e.g. a halide) between Mn and
Ca2, and we favor the latter interpretation. Such a
structure is supported by FTIR data contrasting un-
treated and calcium-depleted PSII [102], although
this result has been questioned [103]. Furthermore,
Penner-Hahn and coworkers found the 3.3 Aî dis-
tance to be insensitive to replacement of Ca2 by
Sr2 or Dy3, but the 2.7 Aî Mn^Mn distance
changed slightly in proportion to the Lewis basicity
of the cation [32]. These results were explained by a
model in which a Ca-bound water molecule is H-
bonded to a W-oxo bridge between two Mn ions.
Because Dy3 is a much stronger Lewis acid than
either Ca2 or Sr2, the Dy-bound water may pro-
tonate the W-oxo bridge; protonation of a bridging W-
oxo could in£uence the Mn^Mn distance. This model
may explain why lanthanide-inhibited PSII cannot
advance to the S2-state [35]. Protonation of a W-oxo
Fig. 3. Structural model of the OEC. Included are the two Mn
ions that undergo redox changes during S-state advancement,
Ca2, Cl3, the carboxylato group of D1-D170, the O-N of D1-
H332, and the substrate waters. The Mn ion labeled proximal
is H-bonded via a bridging water to YZ (see Fig. 5). L denotes
another protein ligand, as expected for a six-coordinate manga-
nese. The remaining Mn and Ca2 ligands are left unspeci¢ed.
[MnIV2 OX] denotes the remaining di-manganese unit which does
not undergo redox changes during S-state advancement.
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bridge could change the reduction potential of the
cluster [104,105], making its oxidation by YZ no lon-
ger possible. We employ a similar structure in our
OEC model (Fig. 3), and propose that the Ca-bound
water molecule is one of the substrate waters. A
more detailed description of this structure will be
given below.
There is an increase in the Mn K-edge energy on
forming both the multiline and g = 4.1 forms of the
S2-state from the S1-state [106]. Together with
EXAFS evidence that the structure of the Mn4 clus-
ter changes very little in the S1CS2(multiline) con-
version (see below) [107], this result is a clear indica-
tion of Mn-centered oxidation in the S1CS2
transition. EXAFS data on oriented layers of PSII
membranes were modeled with two slightly di¡erent
isotropic Mn^Mn distances of 2.74 and 2.71 Aî in S1,
which was interpreted as evidence for two Mn2 units,
a Mn(III)2 dimer and a Mn(IV)2 dimer [108]. This
di¡erence disappeared upon formation of S2. As
mentioned above, the longer scattering distance of
3.3 Aî has also been modeled as a Mn^Mn interac-
tion. The dichroism of both this vector and the 2.7 Aî
vector has been studied in oriented PSII samples
[108]. The 3.3 Aî vector is orientation-dependent
and modeled as forming an angle of 43 þ 10‡ with
the membrane normal, while the 2.7 Aî vector is iso-
tropic.
The S2CS3 transition, however, has been the
cause of great controversy. Period-four oscillations
at 355 nm in the UV-visible absorption spectrum
have been observed [86^90]. These absorptions have
been attributed to Mn oxidations and provide evi-
dence for Mn-centered oxidations during each S-state
advancement. In addition, XAS measurements of
£ash-induced S-states gave supporting evidence for
Mn-centered oxidations [93]. However, oxidation of
the Mn4 cluster during S2CS3 was later questioned
based on other XAS measurements [94]. Problems
with analyzing data from the S3-state [22] arise be-
cause S3 is best prepared from S1 by using two short
saturating £ashes of light and then quickly freezing
the sample. S-state scrambling due to misses and
double hits of centers introduces inhomogeneity
such that only about 65% of the centers are thought
to be in the S3-state. In addition, the measured
changes depend on the method employed to analyze
the spectra. Some groups argue that there is no
change in the edge energy upon formation of S3
and that the oxidizing equivalent in this step resides
on a protein residue or an oxo ligand of Mn [94]. On
the other hand, other groups have measured an in-
crease in edge energy of about 1 eV and attribute this
to oxidation of Mn [93]. Recently, XAS of layered
PSII membranes that were corrected for S-state de-
phasing, X-ray photoreduction, and analyzed by four
di¡erent methods indicates that there is a signi¢cant
increase in edge energy in the S2CS3 transition, in
support of Mn oxidation [109].
A Mn-centered oxidation in S2CS3 is also consis-
tent with the observation that S3 is the least reactive
S-state towards reduction by hydrazine and hydrox-
ylamine [110]. Supposing the Mn(III)2Mn(IV)2 as-
signment for S1, then S3 would be Mn(IV)4. Octahe-
dral Mn(IV) is expected to be slow to exchange
ligands due to its crystal ¢eld stabilization energy.
Therefore, an all Mn(IV) cluster is expected to be
especially unreactive, assuming that the rate-limiting
step in the reaction of hydrazine and hydroxylamine
is binding to the Mn4 cluster.
Magnetic resonance has also been invaluable in
studying the structure of the OEC [1,18]. EPR signals
have been observed for all the S-states except S4. The
S0-state has a ground spin state of S = 1/2 and its
spectrum consists of 24^26 peaks, centered at g = 2,
spanning 2200^2400 G [111^113]. The broader width
of this spectrum compared to the S2 multiline may
indicate the presence of a Mn(II) ion in S0. The S1
signal is detectable in parallel mode EPR and ap-
pears as a s 18-line spectrum, 600 G wide, centered
near g = 12 [114]. Based on the number of lines and
the temperature-dependence of the spectrum, it was
concluded that all four manganese in the cluster con-
tribute to the integer spin state. The multiline (S =
1/2) form of the S2-state is the best characterized of
the EPR signals arising from the OEC [115]. It is
formed in high yield by continuous illumination at
200 K or at ambient temperature in the presence of
DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea), a
competitive inhibitor of the QB site which limits elec-
tron transfer to one turnover. The spectrum, 1900 G
wide with 18^20 lines centered at g = 2, is indicative
of an exchange-coupled cluster of mixed-valent Mn
[19]. An analogous multiline spectrum was recently
generated by the one-electron reduction of a linear
tetrameric Mn(IV)4 di-W-oxo-bridged model complex,
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which supports the oxidation state assignment
Mn(III)Mn(IV)3 for the S2-state [116]. Simulations
of the EPR and electron spin echo-ENDOR spectra
indicate that the S2 multiline signal originates from a
tetranuclear cluster in which the spin is shared on all
four Mn ions, and not a pair of isolated Mn2 dimers
nor a Mn monomer-plus-trimer con¢guration [17,
19]. In the models of Britt and coworkers [19,117]
and Kusunoki and coworkers [17], three of the four
Mn are strongly coupled (e.g. via di-W-oxo bridges)
with the fourth Mn more weakly coupled (e.g. via a
mono-W-oxo bridge).
An alternate form of the S2-state can be prepared,
having an S = 5/2 ground state and an EPR signal
centered at g = 4.1, by illumination at 140 K [76,
118,119]. This ‘g = 4.1’ S2-state is characterized by a
340 G wide spectrum with no resolved Mn-hyper¢ne
lines (unless NH3-treated and oriented on Mylar
¢lms [120]) and is a ground spin state of the tetra-
meric cluster with altered couplings between Mn ions
versus the g = 2 multiline form of the S2-state [121].
The g = 4.1 form of S2 is formed in untreated samples
from the multiline form by illumination with infrared
light [121]; in some treated samples, such as chloride-
depleted or -substituted PSII, it is the stable form of
the S2-state [122]. It may be that the two forms of the
S2-state arise from a structural di¡erence that alters
the magnitude of the weak coupling in the afo-
rementioned models of Britt [19,117] and Kusunoki
[17].
Depletion of Ca2 or Cl3, or treatment with ace-
tate, inhibits S-state advancement at the S2YZ-state
[1,27,29,31,37^40]. The magnetic interactions be-
tween the Mn4 cluster and YZ have been exploited
to estimate the distance and angles between the two.
The spectrum is best simulated with a point-dipole
interspin distance of 7^10 Aî [42^45]. This distance is
short enough that a Mn-bound water molecule can
directly H-bond with the phenol group of YZ [3,46].
We propose that having a single Mn proximal to YZ
is key for the mechanism of water oxidation, as it is
the water molecule bound to this Mn center that
forms the Mn(V)NO through the ETPT pathway
of YZ reduction.
Recently, EPR signals arising from the S3-state
have been reported [123,124]. The signals resonate
at g = 8 and 12 in parallel mode detection and can
be simulated by an integer (S = 1) spin state [123].
Furthermore, these signals occur with formation of
a split g = 4 signal, and the signal amplitudes de-
crease in the presence of small alcohols in a manner
similar to the g = 4.1 S2-state signal [124]. It was
suggested that the g = 4.1 form of the S2-state may
be the precursor of the low-¢eld S3 signals. The S3-
state shows a response to near-infrared illumination
resulting in the formation of a broadened signal at
g = 2, which may arise from the interaction of a
modi¢ed form of the S2-state with a radical.
As mentioned, several amino acids have been iden-
ti¢ed as integral to the OEC. Obviously, YZ and D1-
H190 are intimate components of the OEC. Site-di-
rected mutagenesis has identi¢ed other amino acids
that may be either ligands to the Mn4 cluster or
Ca2, or proton acceptors involved in water oxida-
tion. Mutations of D1-D59 and D1-D61, found in
the lumenal interhelical a^b loop, result in centers
that exhibit impaired oxygen-evolution capability
[125,126]. These amino acids are thought to ligate
Ca2. Ligands to the Mn4 cluster may include the
following D1 residues: D170 [51,57], H332
[55,56,127], E333 [55,127], H337 [55,127], D342
[55,127], and A344 (the C-terminus) [128]. Replace-
ment of D170 with amino acids that are Lewis bases
yields PSII complexes that can assemble the Mn4
cluster but have greatly reduced O2 evolution rates
[57]. D1-H332 is particularly interesting in that
H332E mutants assemble a Mn4 cluster but evolve
no O2 [56]. These mutants exhibit altered S2 multiline
EPR signals and are inhibited at the S2YZ-state
under multiple turnover conditions. The former
strongly suggests that D1-H332 ligates Mn, while
the latter suggests that D1-H332 is involved in the
PCET of the high S-states, either as a Lewis base or
by modulating the reduction potential of the OEC.
4. Proposed models for the structure and reactivity of
the OEC
The electron crystallography [8,9] results con¢rm
that there is considerable homology in the arrange-
ment of the transmembrane helices of D1 and D2 of
PSII and the L and M subunits of the bacterial pho-
tosynthetic reaction center (bRC). A structural mod-
el of the transmembrane helices of PSII has been
calculated by overlaying the PSII amino acid se-
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quence on the crystal structure of the bRC [10,11].
Based on this structure, the aforementioned spectro-
scopic data, and analogy to other proteins with oxo-
bridged metal clusters, we have developed a structur-
al model of the OEC. The model includes one of the
W-oxo-bridged di-manganese units, Ca2, Cl3, and
the substrate waters together with YZ, H190, E189,
and D170. We also suggest possible roles for H332
and H337. An S-state cycle which involves the for-
mation of a terminal Mn(V)NO moiety ensues from
the structural model.
4.1. Structural model of the OEC
Our proposed structure of the OEC as it appears
in S1 is shown in Fig. 3. All of the bond lengths and
angles are based on analogy to known structures.
Metrical parameters for the models were obtained
from the Cambridge Structural Data Base (CSDB).
A survey of bond lengths and angles was taken from
applicable inorganic model compounds and the aver-
ages of these values were used to build the structures
in the model [46]. The models were constructed using
Chem3D (CambridgeSoft Corp.) constraining the
parameters to those obtained from the CSDB. Based
on the oxidation state assignments from the EXAFS
and EPR results, we infer that two of the four Mn
ions do not change oxidation state, but rather remain
Mn(IV) throughout the S-state cycle; we refer to
these as the [MnIV2 OX] unit in Figs. 1, 3^5. In our
model, only two of the four Mn ions are shown in
detail, because we propose that these two are the
only Mn that undergo redox changes during the
S-state cycle and participate directly in the water
oxidation process. In addition, because of the limits
of the theoretical protein structure, these Mn are the
only two that can be placed in the protein structural
model with spatial constraints. They are separated at
a distance of 3.3 Aî by a W-oxo-W-carboxylato bridge,
where the carboxylato group is D1-D170. This struc-
ture is modeled after the dinuclear metal sites of
hemerythrin, manganese catalase, ribonucleotide re-
ductase, and arginase [129] and has a Mn^O bond
length of 1.8 Aî and a Mn^O^Mn angle of 133‡. We
employ this W-oxo-W-carboxylato bridge based on
simulations of the S2 multiline EPR [17] and 55Mn
ENDOR [19] spectra, which require that one of the
Mn ions is less strongly coupled to the Mn4 cluster
than the other three Mn [17,19,117]. Thus, we pro-
pose that it is the Mn2 unit containing the more
weakly coupled terminal Mn which is the catalytic
site of water oxidation in the Mn4 cluster, with the
Mn proximal to YZ being the one that binds one of
the substrate water molecules.
We propose that oxidation of the di-manganese
unit, together with concerted PCET, results in a
Mn(V)NO moiety formed on the proximal Mn (ex-
plicated below). A Mn(V)NO has been invoked in
other water-oxidizing mechanisms as well [4,5]. Re-
sults from density functional theory calculations pre-
dict that a Mn(V)NO may be too unreactive for
water oxidation and that a spin state change to a
Mn(IV)^O is required for reactivity [4]. Spin state
changes may be quite relevant to the mechanism of
water oxidation particularly because of the metallo-
radical nature of the OEC. However, in the absence
of a detailed structure of the OEC, it is di⁄cult to
draw straightforward conclusions from DFT. Pecor-
aro and coworkers proposed a water oxidation
mechanism in which PCET results in the formation
of a Mn(V)NO that undergoes nucleophilic attack
by a calcium-bound hydroxide [5]. They also demon-
strated that the coupling of proton transfer to elec-
tron transfer will signi¢cantly lower the activation
energy for S-state advancement by preventing the
accumulation of positive charge on the Mn4 cluster.
We also propose that O^O bond formation involves
nucleophilic attack, but of a Ca-bound water on the
electrophilic MnNO in a step mediated by Cl3. The
role of Ca2 is both structural and to serve as a
Lewis acid to aid in the deprotonation of the second
substrate water. The inequivalency of the substrate
water-binding sites is supported by measurements of
the rates of exchange of water in the S3-state and the
a⁄nities of the substrate waters under turnover con-
ditions [26]. It has been shown by mass spectrometry
that in the S3-state, the substrate waters exchange
with solvent with two quite di¡erent rates, and that
the a⁄nities of the two substrate waters vary inde-
pendently during turnover (discussed in further detail
below) [26,130,131]. We will now consider this struc-
tural model with regard to the geometric constraints
determined by biophysical studies of PSII and inor-
ganic modeling of the OEC.
In our model, the proximal Mn ion forms the
Mn(V)NO in which the terminal oxo is trans to an
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imidazole moiety, which we suggest to be from D1-
H332. This proximal Mn is bridged to Ca2 by Cl3
with a Mn^Ca separation of 4.2 Aî (Mn^Cl 2.6 Aî ,
Cl^Ca 2.7 Aî , Mn^Cl^Ca 110‡). A calcium-bound
substrate water molecule (Ca^O 2.4 Aî ) is positioned
such that it forms a H-bond to the bridging W-oxo
(OCa^H^Ooxo 175‡) with the oxygen lone pair
pointed towards the Mn-bound substrate water mol-
ecule (OCa^OMn 2.9 Aî ). Though not illustrated in
Fig. 3, we propose that the second proton of the
Ca-bound water is H-bonded to an amino acid act-
ing as a Lewis base (see Fig. 1), which we suggest is
D1-H337. This structure is consistent with the XAS
data and incorporates amino acids that are thought
to be ligands to the Mn4 cluster or are implicated in
S-state turnover. As mentioned previously, substitu-
tion of Ca2 by a lanthanide may favor a protona-
tion state of the bridging oxo that inhibits S-state
advancement by changing the reduction potential
of the Mn4 cluster.
As both calcium- and chloride-depleted samples
give S2YZ spectra that are very similar, their roles,
structural or functional, are likely connected. Acetate
is a competitive inhibitor of Cl3-binding [37], and
ENDOR measurements have shown that acetate
binds quite close to YZ [47]; therefore, Cl3 must as
well. It is possible that acetate binds in place of Cl3,
bridges a Mn ion and Ca2 in a manner similar to
that of D10 in concanavalin A [21,99], and inhibits
water oxidation by blocking substrate water-binding.
In our model for the acetate-inhibited state of the
enzyme, one carboxylate oxygen is a monodentate
ligand that occupies the substrate water-binding site
on Mn, and the other oxygen bridges between Mn
and Ca2 in place of Cl3 (Fig. 4). Disruption of the
hydrogen-bonding network would inhibit reduction
of YZ beyond S2, resulting in blockage of advance
past the S2YZ-state [40].
Fig. 5 illustrates how the OEC model is incorpo-
rated into the theoretical structure of PSII [11] with
minimal movement of the modeled residues. Included
are YZ, D170, H190 and E189. YZ was moved later-
ally 1 Aî to bring the phenoxyl group to within
H-bonding distance of the O-N of H190; an adjust-
ment in the position of YZ is justi¢ed on the grounds
that the C helix is tilted slightly di¡erently in D1
relative to the L subunit of the bRC [8]. It should
be noted that caveats of the calculated D1/D2 struc-
tural model include [11]: (1) the absence of metal
ions during the energy minimization, so basic resi-
dues thought to ligate metals were protonated; (2)
Fig. 5. Proposed structural model of the OEC incorporated
into the modeled structure of residues in the D1 subunit of
PSII.
Fig. 4. Proposed structural model for acetate inhibition. Acetate
is proposed to bind between Ca2 and Mn in place of Cl3 in a
fashion similar to the binding of a carboxylate group in conca-
navalin A.
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the loop regions were not included; (3) di¡erences in
the number and position of proline residues between
PSII and the bRC a¡ect the backbone conformation;
and (4) the theoretical structure was estimated to be
accurate to within V1 Aî or so. With the pitch of YZ
unchanged (22‡ relative to the membrane normal)
[132,133] but rotating the carboxylate group of
D170 (thus rotating the orientation of the Mn2O
unit), the Mn-bound water molecule can be brought
to within H-bonding distance of YZ (2.6 Aî ). The
orientation of the 3.3 Aî Mn^Mn vector is then
V30‡ with respect to the membrane normal, which
is within the range of the angle estimated from po-
larized EXAFS measurements (43 þ 10‡) [108]. The
distance between the center of YZ and the distal
Mn is 7.5 Aî ; these distances and angles are in
good agreement with the XAS and EPR data
[45,108]. E189 was rotated from its minimized struc-
ture (participating in a salt bridge with D170) to the
space behind H190 to avoid van der Waals contact
with the Ca^Cl moiety of the OEC. It is possible that
E189 is involved in proton transport [53] or, alterna-
tively, E189 could be a ligand to Ca2 or Mn. We do
not comment on the structure of the remainder of
the OEC (i.e. the other MnIV2 OX unit) as this is prob-
ably ligated in the loop region, for which there is no
available structure for modeling.
4.2. Mechanism of water oxidation
Our proposed S-state cycle is shown in Fig. 1.
Based on the EPR and XANES data described
above, we assign the Mn oxidation states in S0
as Mn(II)Mn(III)Mn(IV)2. The di-W-oxo-bridged
Mn(IV)2 unit does not change oxidation state during
turnover, so we omit it from the rest of the ¢gure.
Because of the low oxidation states of Mn in the
Mn(II)Mn(III) dimer, we suppose that a W-hydroxo
is present in S0. This follows the trends observed for
other low-valent dinuclear metal sites in proteins,
such as hemerythrin [Fe(II)2(W-OH)] and manganese
catalase [Mn(II)2(W-OH)] [129] and also model Mn
complexes [104,105]. Oxidation to S1 involves the
ET/PT pathway for YZ reduction and deprotonation
of the W-OH bridge to form a [Mn(III)2(W-O)] dimer.
Likewise, advance to S2 also utilizes the ET/PT path-
way for YZ reduction. Because no proton is lost from
the OEC in this step, one may expect a net increase
in positive charge to accumulate; such a net charge
increase is observed to persist through S2 and S3 as
an electrochromic shift in the chlorophyll UV-visible
absorbance spectra [62,71^73]. We hypothesize that
this charge increase is what acts as the molecular
switch between consecutive and concerted PCET.
The net positive charge now favors removal of pro-
tons from the OEC with each subsequent oxidation
to prevent further charge increase and also because
of electrostatic repulsion of protons which would re-
protonate H190. This causes a change from ET/PT
to the concerted ETPT pathway for YZ reduction.
While the aforementioned study by Pecoraro and co-
workers demonstrates that a net positive charge in-
crease results in an energetic penalty of several hun-
dred mV for the subsequent oxidation of a metal
cluster, this analysis requires that no structural rear-
rangements occur in the oxidized complex [5]. It has
been shown by EXAFS that there is a structural
change of the Mn4 cluster in the S2CS3 transition
[16], which coupled with factors such as hydrogen-
bonding could signi¢cantly lower the increase in re-
duction potential.
Oxidation beyond S2 requires H-atom abstraction,
resulting in a Mn(IV)^OH in S3. (Although we favor
Mn-centered oxidation in the S2CS3 transition,
movement of the oxidizing equivalent onto a ligand,
as proposed based on XANES measurements [94],
does not a¡ect the subsequent chemistry of dioxygen
production.) We propose that O^O bond formation
does not occur until after the S3-state, as is suggested
by H182 O exchange studies [26]. Advancement to S4
forms an electrophilic Mn(V)NO species. The in-
volvement of a Mn(V)NO species in O2 formation
has been postulated for Mn complexes that are ho-
mogeneous water-oxidation catalysts [134^136]. The
reactivity of the oxo may be enhanced through the
occupation of a MnNO LUMO by the lone pair of
the trans imidazole (D1-H332 in our model), decreas-
ing the MnNO bond order and making the oxo
more electrophilic (Fig. 6A). This supposition was
formulated based on the observation that Z-donor
bases binding trans to the oxo group in Mn-porphyr-
in systems increase their reactivity as oxidation cata-
lysts [137,138]. Furthermore, an increase in the net
positive charge of a metal^oxo system has been
shown to greatly increase its reactivity [139,140];
again, this is due to an increase in the electrophilicity
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of the oxo. Such a net positive charge may form in
S2, as mentioned above [62,71^73].
O^O bond formation begins by bringing the sec-
ond substrate water closer to the Mn(V)NO in an
SN2-like reaction (Fig. 6B). We propose that this
occurs through contraction of the Mn^Cl bond
upon formation of the high-valent Mn(V)NO moi-
ety. Shortening of the Mn(V)^Cl bond would also
increase the Lewis acidity of Ca2 because of a
lengthening of the Ca^Cl bond. This would have
the e¡ect of enhancing the nucleophilicity of the
Ca-bound water concomitant with formation of an
electrophilic Mn(V)-bound oxo. In order for the
O^O bond to form, there must be overlap between
the oxygen lone pair of the water molecule with an
empty (non- or anti-bonding) MnNO orbital, in ac-
cordance with Woodward^Ho¡man rules of symme-
try. The orientation of the Ca-bound water is opti-
mized for a nucleophilic attack by H-bonding to the
W-oxo bridge and possibly to a Lewis base; we sug-
gest D1-H337 for this role. This base would also aid
to deprotonate the water, as the pKa of Ca-bound
water (12.7 for the aqua ion) is still too high to be
deprotonated in vivo.
The resultant proton release pattern of the pro-
posed cycle is in agreement with the experimentally
observed 1:0:1:2 pattern [72,141,142], which is based
on measurements of protons released to the bulk in
thylakoid membrane preparations and also in accor-
dance with the chlorophyll electrochromic band
shifts [62,71^73]. However, the measurements of pro-
ton release have been shown to be dependent on the
pH and the type of PSII preparation [142]. Because
the proton release patterns represent release of pro-
tons into the bulk medium which includes both the
protons released from the OEC and those arising
from pKa changes of nearby amino acid residues,
the pattern of protons released into the bulk medium
will not necessarily re£ect the pattern of protons re-
leased from the OEC.
The rate-limiting step of O2 production is reduc-
tion of YZ upon advancement from the S3-state. Be-
cause YZ reduction and O2 release follow the same
kinetics, O^O bond formation and O2 release occur
very quickly once YZ is reduced [143]. Thus, the O2
formation and release depicted in Fig. 1 must occur
from the entatic state on a rapid time-scale. Consid-
ering the high reactivity of Mn(III)^OOH species
[144], our mechanism is in agreement with these ki-
netics.
This mechanism also agrees with the reported
rates of exchange of the substrate waters [26]. In
these experiments, the rate of H182 O incorporation
into the product O2 as a function of S-state was
measured by mass spectrometry. The slow phase
rate constants were 8, 0.021, 2.2, and 1.9 s31 for
S0, S1, S2 and S3, respectively, while the fast phase
exhibited rates s 100 s31 for S0, S1 and S2 and 36.8
s31 in S3. There is di⁄culty in comparing water li-
gand exchange rates of metal complexes in proteins
versus free ions in solution as the former are not at
all well-characterized [145]. Some investigations show
that the rate of water exchange from a metal site may
decrease by many orders of magnitude due to con-
tributions from sterics and H-bonding [146]. Bearing
this in mind, the relative changes in the rates ¢t into
our mechanism. The fast-exchanging substrate water,
the rate of which does not vary much with S-state,
would be the water bound to calcium. The other
water is bound to Mn and exchanges more slowly.
Its rate of exchange is fastest in S0, as one would
expect for Mn(II). In S1, the rate decreases dramat-
ically, as the water can now H-bond to the rather
basic W-O bridge that is formed. Advancement to S2
oxidizes Mn(III) to Mn(IV) and greatly decreases the
Fig. 6. (A) Orbital diagram illustrating the occupation of a
MnNO Z* orbital by the O-N lone pair of a histidine trans to
the oxo. (B) Orbital diagram illustrating the nucleophilic attack
of the Ca-bound water on the Mn(V)NO in the O^O bond-
forming step.
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basicity of the bridging W-O, which weakens the H-
bond to the water, so exchange is faster. In advanc-
ing to S3, a hydroxide ligand is formed, which is a
better ligand than water but loses the ability to
H-bond to the W-O; the exchange rate remains about
the same. At the same time, the H-bond between the
W-oxo bridge and the Ca-bound water can strengthen
which slows the exchange in S3. These changes in
H-bonding to the bridging W-oxo may also relate to
the structural changes that occur in the Mn4 cluster
in the S2CS3 transition as observed by EXAFS [16].
It is the proton of the Mn-bound water that is not
H-bonded to the bridging W-O that is part of the
H-bond network to YZ. When the ¢rst proton is
removed, the second takes its place.
Nucleophilic attack by the Ca-bound water on the
Mn(V)NO moiety, concomitant with its deprotona-
tion, results in a transiently formed hydroperoxide
species (denoted S4P in Fig. 1), in which the OOH
moiety is H-bonded to the bridging W-O. This struc-
ture is analogous to that of reversibly bound O2 in
hemerythrin [147,148]. The active site of hemerythrin
consists of an Fe(II) dimer connected by a mono-W-
hydroxo-di-W-carboxylato bridge. O2 binds as a hy-
droperoxide by oxidizing the dimer to Fe(III)2 and
deprotonating the W-OH to a W-O; the proton re-
mains H-bonded to the bridging W-O. The Fe(III)
ions are separated by 3.3 Aî with an Fe^O^Fe angle
of 125‡. The release of O2 is simply the reverse of its
binding, in which the proton is transferred back to
the W-O and the iron dimer is reduced to the difer-
rous state. By analogy, release of O2 from the OEC is
proposed to proceed by a similar mechanism. In
hemerythrin, reversible O2-binding is allowed ener-
getically because the reduction potentials for the
[Fe(II)2/Fe(III)2] couple in hemerythrin [149] and
[HOO3/O2] [150] are nearly equal, approximately
500 mV. However, in the case of the Mn4 cluster,
the reduction potential for the S0-state is substan-
tially higher than that of hydroperoxide, and so ox-
idation of hydroperoxide is energetically favored.
The reduction of the terminal Mn(III)^OOH to
Mn(II) results in the release of O2 and the protona-
tion of the W-oxo bridge, resetting the OEC to S0.
5. Conclusions
In this minireview, we have developed a structural
and functional model of the OEC that incorporates
elements of the protein environment and is in good
agreement with both the spectroscopic and biochem-
ical data. The important aspects of the model are: (1)
a Mn2O unit can be ligated by D1-D170 in such a
way that a Mn-bound substrate water molecule can
H-bond to YZ, which is required for H-atom abstrac-
tion of substrate protons by YZ ; (2) the orientations
of the Mn are in agreement with EXAFS results and
the distances and angles between Mn and YZ re£ect
those measured by EPR; (3) the reduction of YZ
proceeds via the ET/PT pathway in S0CS2 but re-
quires ETPT for S2CS4 advancement, with ultimate
formation of an electrophilic Mn(V)NO moiety; (4)
the second substrate water molecule binds to Ca and
is oriented properly for a nucleophilic attack on the
Mn(V)NO moiety by H-bonding to the W-oxo bridge
and possibly an amino acid residue functioning as a
base; (5) the O^O bond-forming step involves a tran-
sient hydroperoxide species that releases O2 in anal-
ogy to the O2 release reaction of oxyhemerythrin.
Acknowledgements
The authors would like to thank Prof. Robert H.
Crabtree, Dr. Henriette A. Ku«hne and Mr. Daniel A.
Stone for enlightening and enjoyable discussions.
This work was supported by grants from the Nation-
al Institutes of Health.
References
[1] R.D. Britt, in: D.R. Ort and C.F. Yocum (Eds.), Oxygenic
Photosynthesis : The Light Reactions, Vol. 4 of Advances in
Photosynthesis, Kluwer Academic Publishers, Dordrecht,
1996, pp. 137^159.
[2] C.W. Hoganson, G.T. Babcock, Science 277 (1997) 1953^
1956.
[3] J. Limburg, V.A. Szalai and G.W. Brudvig, J. Chem. Soc.
Dalton Trans. (1999) 1353^1363.
BBABIO 44967 1-12-00
J.S. Vrettos et al. / Biochimica et Biophysica Acta 1503 (2001) 229^245242
[4] P.E.M. Siegbahn, R.H. Crabtree, J. Am. Chem. Soc. 121
(1999) 117^127.
[5] V.L. Pecoraro, M.J. Baldwin, M.T. Caudle, W.-Y. Hsieh,
N.A. Law, Pure Appl. Chem. 70 (1998) 925^929.
[6] W. Liang, T.A. Roelofs, R.M. Cinco, A. Rompel, M.J. Lat-
imer, W.O. Yu, K. Sauer, M.P. Klein, V.K. Yachandra,
J. Am. Chem. Soc. 122 (2000) 3399^3412.
[7] W. Ru«ttinger, G.C. Dismukes, Chem. Rev. 97 (1997) 1^24.
[8] J. Barber, W. Ku«hlbrandt, Curr. Opin. Struct. Biol. 9 (1999)
469^475.
[9] K.-H. Rhee, E.P. Morris, J. Barber, W. Ku«hlbrandt, Nature
396 (1998) 283^286.
[10] S.V. Ru¥e, D. Donnelly, T.L. Blundell, J.H.A. Nugent,
Photosynth. Res. 34 (1992) 287^300.
[11] B. Svensson, C. Etchebest, P. Tu¡ery, P. van Kan, J. Smith,
S. Styring, Biochemistry 35 (1996) 14486^14502.
[12] B. Kok, B. Forbush, M. McGloin, Photochem. Photobiol.
11 (1970) 457^475.
[13] R.J. Debus, Biochem. Biophys. Acta 1102 (1992) 269^352.
[14] G.W. Brudvig, J. Bioenerg. Biomembr. 19 (1987) 91^104.
[15] A.W. Rutherford, J.-L. Zimmermann and A. Boussac, in: J.
Barber (Ed.), The Photosystems: Structure, Function and
Molecular Biology, Elsevier Science Publishers, Amsterdam,
1992, pp. 179^229.
[16] V.K. Yachandra, K. Sauer, M.P. Klein, Chem. Rev. 96
(1996) 2927^2950.
[17] K. Hasegawa, T. Ono, Y. Inoue, M. Kusunoki, Bull. Chem.
Soc. Jpn. 72 (1999) 1013^1023.
[18] G.W. Brudvig, Adv. Chem. Ser. 246 (1995) 249^263.
[19] J.M. Peloquin, K.A. Campbell, D.W. Randall, M.A. Evan-
chik, V. Pecoraro, W.H. Armstrong and R.D. Britt, J. Am.
Chem. Soc. (2000) in press.
[20] D.J. MacLachlan, B.J. Hallahan, S.V. Ru¥e, J.H.A. Nu-
gent, M.C.W. Evans, R.W. Strange, S.S.J. Hasnain, J. Bio-
chem. 285 (1992) 569^576.
[21] J.E. Penner-Hahn, R.M. Fronko, V.L. Pecoraro, C.F. Yo-
cum, S.D. Betts, N.R. Bowlby, J. Am. Chem. Soc. 112
(1990) 2549^2557.
[22] J.E. Penner-Hahn, Struct. Bond. 90 (1998) 1^36.
[23] P.J. Riggs-Gelasco, R. Mei, C.F. Yocum, J.E. Penner-Hahn,
J. Am. Chem. Soc. 118 (1996) 2387^2399.
[24] M. Kusunoki, T. Takano, T. Ono, T. Noguchi, Y. Yama-
guchi, H. Oyanagi and Y. Inoue in: P. Mathis (Ed.), Photo-
synthesis : from Light to Biosphere, Vol. II, Kluwer Academ-
ic Publishers, Dordrecht, 1995, pp. 251^254.
[25] M. Zheng, G.C. Dismukes, Inorg. Chem. 35 (1996) 3307^
3319.
[26] W. Hillier, T. Wydrzynski, Biochemistry 39 (2000) 4399^
4405.
[27] L.-E. Andre¤asson, I. Vass, S. Styring, Biochim. Biophys.
Acta 1230 (1995) 155^164.
[28] T. Ono, Y. Inoue, FEBS Lett. 168 (1984) 281^286.
[29] A. Boussac, J.-L. Zimmermann, A.W. Rutherford, Biochem-
istry 28 (1989) 8984^8989.
[30] D.F. Ghanotakis, G.T. Babcock, C.F. Yocum, FEBS Lett.
167 (1984) 127^130.
[31] H. Wincencjusz, C.F. Yocum, H.J. van Gorkom, Biochem-
istry 38 (1999) 3719^3725.
[32] P.J. Riggs-Gelasco, R. Mei, D.F. Ghanotakis, C.F. Yocum,
J.E. Penner-Hahn, J. Am. Chem. Soc. 118 (1996) 2400^
2410.
[33] R.M. Cinco, J.H. Robblee, A. Rompel, C. Fernandez, V.K.
Yachandra, K. Sauer, M.P. Klein, J. Phys. Chem. B 102
(1998) 8248^8256.
[34] M.J. Latimer, V.J. DeRose, V.K. Yachandra, K. Sauer,
M.P. Klein, J. Phys. Chem. B 102 (1998) 8257^8265.
[35] A. Bakou, C. Buser, G. Dandulakis, G. Brudvig, D.F. Gha-
notakis, Biochim. Biophys. Acta 1099 (1992) 131^136.
[36] M.L. Gilchrist Jr., J.A. Ball, D.W. Randall, R.D. Britt,
Proc. Natl. Acad. Sci. USA 92 (1995) 9545^9549.
[37] H. Ku«hne, V.A. Szalai, G.W. Brudvig, Biochemistry 38
(1999) 6604^6613.
[38] B.J. Hallahan, J.H.A. Nugent, J.T. Warden, M.C.W. Evans,
Biochemistry 31 (1992) 4562^4573.
[39] V.A. Szalai, G.W. Brudvig, Biochemistry 35 (1996) 1946^
1953.
[40] V.A. Szalai, G.W. Brudvig, Biochemistry 35 (1996) 15080^
15087.
[41] X.-S. Tang, D.W. Randall, D.A. Force, B.A. Diner, R.D.
Britt, J. Am. Chem. Soc. 118 (1996) 7638^7639.
[42] P. Dorlet, M. Di Valentin, G.T. Babcock, J.L. McCracken,
J. Phys. Chem. B 102 (1998) 8239^8247.
[43] J.M. Peloquin, K.A. Campbell, R.D. Britt, J. Am. Chem.
Soc. 120 (1998) 6840^6841.
[44] K.V. Lakshmi, S.S. Eaton, G.R. Eaton, H.A. Frank, G.W.
Brudvig, J. Phys. Chem. B 102 (1998) 8327^8335.
[45] K.V. Lakshmi, S.S. Eaton, G.R. Eaton, G.W. Brudvig, Bio-
chemistry 38 (1999) 12758^12767.
[46] V.A. Szalai, D.A. Stone and G.W. Brudvig, in: G. Garab
(Ed.), Photosynthesis : Mechanisms and E¡ects, Kluwer
Academic Publishers, Dordrecht, 1998, pp. 1403^1406.
[47] D.A. Force, D.W. Randall, R.D. Britt, Biochemistry 36
(1997) 12062^12070.
[48] M.R.A. Blomberg, P.E.M. Siegbahn, S. Styring, G.T. Bab-
cock, B. Aî kermark, P. Korall, J. Am. Chem. Soc. 119 (1997)
8285^8292.
[49] M.T. Caudle, V.L. Pecoraro, J. Am. Chem. Soc. 119 (1997)
3415^3416.
[50] C. Tommos, C.W. Hoganson, M. Di Valentin, N. Lydakis-
Simantiris, P. Dorlet, K. Westphal, H.-A. Chu, J. McCrack-
en, G.T. Babcock, Curr. Opin. Chem. Biol. 2 (1998) 244^
252.
[51] H.-A. Chu, A.P. Nguyen, R.J. Debus, Biochemistry 34
(1995) 5839^5858.
[52] A.-M.A. Hays, I.R. Vassiliev, J.H. Golbeck, R.J. Debus,
Biochemistry 37 (1998) 11352^11365.
[53] A.-M.A. Hays, I.R. Vassiliev, J.H. Golbeck, R.J. Debus,
Biochemistry 37 (1999) 11851^11864.
[54] F. Mamedov, R.T. Sayre, S. Styring, Biochemistry 37 (1998)
14245^14256.
[55] H.-A. Chu, A.-P. Nguyen, R.J. Debus, Biochemistry 34
(1995) 5859^5882.
BBABIO 44967 1-12-00
J.S. Vrettos et al. / Biochimica et Biophysica Acta 1503 (2001) 229^245 243
[56] R.J. Debus, K.A. Campbell, J.M. Peloquin, D.P. Pham,
R.D. Britt, Biochemistry 39 (2000) 470^478.
[57] P.J. Nixon, B.A. Diner, Biochemistry 31 (1992) 942^948.
[58] C. Berthomieu, R. Hienerwadel, A. Boussac, J. Breton, B.A.
Diner, Biochemistry 37 (1998) 10547^10554.
[59] C. Tommos, X.-S. Tang, K. Warncke, C.W. Hoganson, S.
Styring, J. McCracken, B.A. Diner, G.T. Babcock, J. Am.
Chem. Soc. 117 (1995) 10325^10335.
[60] G. Christen, A. Seeliger, G. Renger, Biochemistry 38 (1999)
6082^6092.
[61] B.A. Diner, D.A. Force, D.W. Randall, R.D. Britt, Bio-
chemistry 37 (1998) 17931^17943.
[62] F. Rappaport, J. Lavergne, Biochemistry 36 (1997) 15294^
15302.
[63] X.-S. Tang, D.A. Chisholm, G.C. Dismukes, G.W. Brudvig,
B.A. Diner, Biochemistry 32 (1993) 13742^13748.
[64] M. Haumann, O. Bo«gershausen, D. Cherepanov, R. Ahl-
brink, W. Junge, Photosynth. Res. 51 (1997) 193^208.
[65] M. Karge, K.-D. Irrgang, G. Renger, Biochemistry 36 (1997)
8904^8913.
[66] G. Christen, G. Renger, Biochemistry 38 (1999) 2068^
2077.
[67] X.-S. Tang, M. Zheng, D.A. Chisholm, G.C. Dismukes,
B.A. Diner, Biochemistry 35 (1996) 1475^1484.
[68] T. Noguchi, Y. Inoue, X.-S. Tang, Biochemistry 36 (1997)
14705^14711.
[69] O. Bo«gershausen, M. Haumann, W. Junge, Ber. Bunsenges.
Phys. Chem. 100 (1996) 1987^1992.
[70] M.J. Schilstra, F. Rappaport, J.H.A. Nugent, C.J. Barnett,
D.R. Klug, Biochemistry 37 (1998) 3974^3981.
[71] R. Ahlbrink, M. Haumann, D. Cherepanov, O. Bo«gershau-
sen, A. Mulkidjanian, W. Junge, Biochemistry 37 (1998)
1131^1142.
[72] H. Kretschmann, E. Schlodder, H.T. Witt, Biochim. Bio-
phys. Acta 1274 (1996) 1^8.
[73] K. Brettel, E. Schlodder, H.T. Witt, Biochim. Biophys. Acta
766 (1984) 403^415.
[74] G. Renger, M. Vo«lker, FEBS Lett. 149 (1982) 203^207.
[75] O. Bo«gerhausen, W. Junge, Biochim. Biophys. Acta 1230
(1995) 177^185.
[76] J.L. Casey, K. Sauer, Biochim. Biophys. Acta 767 (1984) 21^
28.
[77] S. Styring, A.W. Rutherford, Biochim. Biophys. Acta 933
(1988) 378^387.
[78] G.W. Brudvig, J.L. Casey, K. Sauer, Biochim. Biophys. Acta
723 (1983) 366^371.
[79] H. Koike, B. Hanssum, Y. Inoue, G. Renger, Biochim. Bio-
phys. Acta 893 (1987) 524^533.
[80] R.I. Cukier, D.G. Nocera, Annu. Rev. Phys. Chem. 49
(1998) 337^369.
[81] F.G. Bordwell, J.-P. Cheng, J. Am. Chem. Soc. 113 (1991)
1736^1743.
[82] J.M. Mayer, Acc. Chem. Res. 31 (1998) 441^450.
[83] A. Bakac, J. Am. Chem. Soc. 122 (2000) 1092^1097.
[84] K. Wieghardt, Angew. Chem. Int. Ed. Engl. 33 (1994) 725^
728.
[85] R. Manchanda, G.W. Brudvig, R.H. Crabtree, Coord.
Chem. Rev. 144 (1995) 1^38.
[86] J. Lavergne, Biochim. Biophys. Acta 1060 (1991) 175^188.
[87] Oº . Saygin, H.T. Witt, Biochim. Biophys. Acta 893 (1987)
452^469.
[88] G. Renger, B. Hanssum, Photosynth. Res. 16 (1988) 243^
259.
[89] J.P. Dekker, H.J. van Gorkom, M. Brok, L. Ouwehand,
Biochim. Biophys. Acta 764 (1984) 301^309.
[90] J.P. Dekker, H.J. van Gorkom, J. Wensink, L. Ouwehand,
Biochim. Biophys. Acta 767 (1984) 1^9.
[91] A. Cua, D.H. Stewart, M.J. Rei£er, G.W. Brudvig, D.F.
Bocian, J. Am. Chem. Soc. 122 (2000) 2069^2077.
[92] H.-A. Chu, M.T. Gardner, J.P. O’Brien, G.T. Babcock,
Biochemistry 38 (1999) 4533^4541.
[93] T.-A. Ono, T. Noguchi, Y. Inoue, M. Kusunoki, T. Mat-
sushita, H. Oyanagi, Science 258 (1992) 1335^1337.
[94] T.A. Roelofs, W. Liang, M.J. Latimer, R.M. Cinco, A.
Rompel, J.C. Andrews, K. Sauer, V.K. Yachandra, M.P.
Klein, Proc. Natl. Acad. Sci. USA 93 (1996) 3335^3340.
[95] P.J. Riggs, R. Mei, C.F. Yocum, J.E. Penner-Hahn, J. Am.
Chem. Soc. 114 (1992) 10650^10651.
[96] U. Bergmann, M.M. Grush, C.R. Horne, P. DeMarois, J.E.
Penner-Hahn, C.F. Yocum, D.W. Wright, C.E. Dube¤,
W.H. Armstrong, G. Christou, H.J. Eppley, S.P. Cramer,
J. Phys. Chem. B 102 (1998) 8350^8352.
[97] J. Messinger, G. Seaton, T. Wydrzynski, Biochemistry 36
(1997) 6862^6873.
[98] W.F. Beck, G.W. Brudvig, Biochemistry 26 (1987) 8285^
8295.
[99] K.D. Hardman, R.C. Agarwal, M.J. Freiser, J. Mol. Biol.
157 (1982) 69^86.
[100] G.B. Ansell, M.A. Modrick, J.M. Longo, K.R. Poeppel-
meier, H.S. Horowitz, Acta Crystallogr. B 38 (1982)
1795^1797.
[101] P. Hubberstey, Coord. Chem. Rev. 56 (1984) 78^112.
[102] T. Noguchi, T. Ono, Y. Inoue, Biochim. Biophys. Acta
1228 (1995) 189^200.
[103] J.C. Smith, V.E. Gonzalez, J.B. Vincent, Inorg. Chim. Acta
255 (1997) 99^103.
[104] H.H. Thorp, J.E. Sarneski, G.W. Brudvig, R.H. Crabtree,
J. Am. Chem. Soc. 111 (1989) 9249^9250.
[105] R. Manchanda, H.H. Thorp, G.W. Brudvig, R.H. Crab-
tree, Inorg. Chem. 31 (1992) 4040^4041.
[106] D.B. Goodin, V.K. Yachandra, R.D. Britt, K. Sauer, M.
Klein, Biochim. Biophys. Acta 767 (1984) 209^216.
[107] V.K. Yachandra, R.D. Guiles, A.E. McDermott, J.L. Cole,
R.D. Britt, S.L. Dexheimer, K. Sauer, M.P. Klein, Bio-
chemistry 26 (1987) 5974^5981.
[108] I. Mukerji, J.C. Andrews, V.J. DeRose, M.J. Latimer, V.K.
Yachandra, K. Sauer, M.P. Klein, Biochemistry 33 (1994)
9712^9721.
[109] L. Iuzzolino, J. Dittmer, W. Do«rner, W. Meyer-Klaucke,
H. Dau, Biochemistry 37 (1998) 17112^17119.
[110] J. Messinger, U. Wacker, G. Renger, Biochemistry 30
(1991) 7852^7862.
BBABIO 44967 1-12-00
J.S. Vrettos et al. / Biochimica et Biophysica Acta 1503 (2001) 229^245244
[111] K.A. Aî hrling, S. Peterson, S. Styring, Biochemistry 36
(1997) 13148^13152.
[112] J. Messinger, J.H. Robblee, W.A. Yu, K. Sauer, V.K. Ya-
chandra, M.P. Klein, J. Am. Chem. Soc. 119 (1997) 11349^
11350.
[113] J. Messinger, J.H.A. Nugent, M.C.W. Evans, Biochemistry
36 (1997) 11055^11060.
[114] K.A. Campbell, J.M. Peloquin, D.P. Pham, R.J. Debus,
R.D. Britt, J. Am. Chem. Soc. 120 (1998) 447^448.
[115] G.C. Dismukes, Y. Siderer, FEBS Lett. 121 (1980) 78^80.
[116] G. Blondin, R.C.P. Davydov, M.-F. Charlot, S. Styring, B.
Aî kermark, J.-J. Girerd and A. Boussac, J. Chem. Soc. Dal-
ton Trans. (1997) 4069^4074.
[117] R.D. Britt, J.M. Peloquin, K.A. Campbell, Annu. Rev. Bio-
phys. Biomol. Struct. 29 (2000) 463^495.
[118] A. Haddy, W.R. Dunham, R.H. Sands, R. Aasa, Biochim.
Biophys. Acta 1099 (1992) 25^34.
[119] O. Horner, E. Rivie're, G. Blondin, S. Un, A.W. Ruther-
ford, J.-J. Girerd, A. Boussac, J. Am. Chem. Soc. 120
(1998) 7924^7928.
[120] D.H. Kim, R.D. Britt, M.P. Klein, K. Sauer, Biochemistry
31 (1992) 541^547.
[121] A. Boussac, H. Kuhl, S. Un, M. Ro«gner, A.W. Rutherford,
Biochemistry 37 (1998) 8995^9000.
[122] W.F. Beck, G.W. Brudvig, Chem. Scr. 28A (1988) 93^98.
[123] T. Matsukawa, H. Mino, D. Yoneda, A. Kawamori, Bio-
chemistry 38 (1999) 4072^4077.
[124] N. Ionnidis, V. Petrouleas, Biochemistry 39 (2000) 5246^
5254.
[125] M. Qian, L. Dao, R.J. Debus, R.L. Burnap, Biochemistry
38 (1999) 6070^6081.
[126] M. Hundelt, A.-M.A. Hays, R.J. Debus, W. Junge, Bio-
chemistry 37 (1998) 14450^14456.
[127] P.J. Nixon, B.A. Diner, Biochem. Soc. Trans. 22 (1994)
338^343.
[128] P.J. Nixon, J.T. Trost, B.A. Diner, Biochemistry 31 (1992)
10859^10871.
[129] R.H. Holm, P. Kennepohl, E.I. Solomon, Chem. Rev. 96
(1996) 2239^2314.
[130] W. Hillier, J. Messinger, T. Wydrzynski, Biochemistry 37
(1998) 16908^16914.
[131] J. Messinger, M. Badger, T. Wydrzynski, Proc. Natl. Acad.
Sci. USA 92 (1995) 3209^3213.
[132] H. Mino, A. Kawamori, Biochim. Biophys. Acta 1185
(1994) 213^220.
[133] C.W. Hoganson, G.T. Babcock, Biochemistry 31 (1992)
11874^11880.
[134] Y. Naruta, M. Sasayama, T. Sasaki, Angew. Chem. Int.
Ed. Engl. 33 (1994) 1839^1841.
[135] Y. Naruta, K. Maruyama, J. Am. Chem. Soc. 113 (1991)
3595^3596.
[136] J. Limburg, J.S. Vrettos, L.M. Liable-Sands, A.L. Rhein-
gold, R.H. Crabtree, G.W. Brudvig, Science 283 (1999)
1524^1527.
[137] O. Bortolini, M. Momenteau, B. Meunier, Tetrahedron
Lett. 25 (1984) 5773^5776.
[138] K.A. JÖrgensen, P. SwanstrÖm, Acta Chem. Scand. 43
(1988) 822^824.
[139] C.G. Miller, S.W. Gordon-Wylie, C.P. Horwitz, S.A. Stra-
zisar, D.K. Peraino, G.R. Clark, S.T. Weintraub, T.J. Col-
lins, J. Am. Chem. Soc. 120 (1998) 11540^11541.
[140] S.B. Seymore, S.N. Brown, Inorg. Chem. 39 (2000) 325^
332.
[141] E. Schlodder, H.T. Witt, J. Biol. Chem. 274 (1999) 30387^
30392.
[142] J. Lavergne, W. Junge, Photosynth. Res. 38 (1993) 279^296.
[143] M.R. Razeghifard, R.J. Pace, Biochemistry 38 (1999) 1252^
1257.
[144] M.T. Caudle, P. Riggs-Gelasco, A.K. Gelasco, J.E. Penner-
Hahn, V.L. Pecoraro, Inorg. Chem. 35 (1996) 3577^3584.
[145] V.P. Denisov, B. Halle, Faraday Discuss. 103 (1996) 227^
244.
[146] V.P. Denisov, B. Halle, J. Am. Chem. Soc. 117 (1995)
8456^8465.
[147] M.A. Holmes, I. Le Trong, S. Turley, L.C. Sieker, R.E.
Stenkamp, J. Mol. Biol. 218 (1991) 583^593.
[148] R.E. Stenkamp, L.C. Sieker, L.H. Jensen, J.D. McCallum,
J. Sanders-Loehr, Proc. Natl. Acad. Sci. USA 82 (1985)
713^716.
[149] F.A. Armstrong, P.C. Harrington, R.G. Wilkins, J. Inorg.
Biochem. 18 (1983) 83^91.
[150] P.M. Wood, Biochem. J. 253 (1988) 287^289.
BBABIO 44967 1-12-00
J.S. Vrettos et al. / Biochimica et Biophysica Acta 1503 (2001) 229^245 245
